Abstract. Polyoxometalates (POMs) are redox-active molecular oxides, which attract growing interest for their integration into nano-devices, such as high-density data storage non-volatile memories. In this work, we investigated the electrostatic deposition of the negatively charged To avoid the formation of POM aggregates onto the substrates, which would introduce variability in the local electrical properties, special attention has to be paid to the preformed SAM seeding layer, which should itself be deprived of aggregates. Where necessary, rinsing steps were found to be crucial to eliminate these aggregates and to provide uniformly covered substrates for subsequent POM deposition and electrical characterizations. This especially holds for commercially available gold/glass substrates while these rinsing steps were not essential in the case of template stripped gold of very low roughness. Charge transport through the related molecular junctions and nanodot molecule junctions (NMJs) has been probed by conducting-AFM. We analyzed the current-voltage curves with different models: electron tunneling though the SAMs (Simmons model), transition voltage spectroscopy (TVS) method or molecular single energy level mediated transport (Landauer equation) and we discussed the energetics of the molecular junctions. We concluded to an energy level alignment of the alkyl spacer and POM lowest occupied molecular orbitals (LUMOs), probably due to dipolar effects.
(SAMs) preformed onto gold substrates or onto an array of gold nanodots. The ring-shaped [H 7 P 8 W 48 O 184 ]
33-POM was selected as an example of large POMs with high charge storage capacity.
To avoid the formation of POM aggregates onto the substrates, which would introduce variability in the local electrical properties, special attention has to be paid to the preformed SAM seeding layer, which should itself be deprived of aggregates. Where necessary, rinsing steps were found to be crucial to eliminate these aggregates and to provide uniformly covered substrates for subsequent POM deposition and electrical characterizations. This especially holds for commercially available gold/glass substrates while these rinsing steps were not essential in the case of template stripped gold of very low roughness. Charge transport through the related molecular junctions and nanodot molecule junctions (NMJs) has been probed by conducting-AFM. We analyzed the current-voltage curves with different models: electron tunneling though the SAMs (Simmons model), transition voltage spectroscopy (TVS) method or molecular single energy level mediated transport (Landauer equation) and we discussed the energetics of the molecular junctions. We concluded to an energy level alignment of the alkyl spacer and POM lowest occupied molecular orbitals (LUMOs), probably due to dipolar effects.
Introduction.
Redox active molecules, which can be switched from one redox state to another, have been considered as promising for the development of molecular memory devices. 1 2-4 5 6 7 Often viewed as the missing link between conventional molecules and extended oxides, which are ubiquitous in electronics, polyoxometalates (POMs) should thus draw more attention. These molecular oxides obeying to the general formula [X x M p O y ] n-(X= P, Si …; M = Mo VI , W VI , V V …) display an outstanding chemical versatility and remarkable redox properties. [8] [9] [10] [11] [12] [13] There are still very few reports on single POM devices. [14] [15] Charge transport through large POM-based molecular junctions prepared by layerby-layer deposition or dip-coating on various electrodes has been studied 16 and a metalinsulator/POM-semiconductor capacitor cell has been reported. 17 As a major milestone, a flash-type memory cell comprising POMs drop-cast at the Si-nanowire channel has been recently described. 18 However, in all the above POM-based devices the molecular organization and the POM packing density are not controlled and this was found to confine the performances. Therefore special attention should be paid to the processing of POMs to get uniformly structured thus reproducible layered materials and to reduce device-to-device variability of the ultimate electrical properties which is a main issue in nanoelectronics.
Yet POM processing is still a sticking point. Direct deposition of POMs onto electrodes has been probed by microscopy imaging 19-22 23-25 and largely exploited for electrocatalysis, [26] [27] [28] sensing purposes, 29 solar-energy conversion 30 and in composite materials for molecular batteries or supercapacitors. 31 32-34 35-37 Drop-casting 18, [38] [39] and spin-coating of POM solutions are easy to carry out and have supplied, among others, interfacial layers for solar cells or light-emitting devices. 40-41 42 43-45 In those cases no special order in the POM arrangement was sought. As POMs are negatively charged species their immobilization onto electrodes has also commonly relied on their entrapment into positively charged polymers [46] [47] [48] or on the dip-coating exchange of their counter cations: by positively charged electrolyte through the Layer-by-Layer method to build photo-or electro-chromic materials, [49] [50] photo-electrodes, 51 interfacial layers for solar cells [52] [53] [54] or multilayer films for electrocatalysis; [55] [56] [57] by amphiphilic cations to form Langmuir Blodgett films; [58] [59] [60] [61] [62] by positively charged groups directly decorating the electrode, 63 for application in water splitting, 64-68 molecular cluster batteries 69 or molecular electronics. 17, [70] [71] Finally but to a lesser extent, covalent grafting of POMs onto electrodes, directly or in two steps, has been investigated by some of us and others. [72] [73] [74] [75] [76] This allowed us to describe the electron transfer kinetics from the electrode to a compact POM monolayer, assembled onto carbonaceous materials, 76-78 gold [79] [80] or silicon wafers 81 and electron transport through siliconPOMs-metal junctions, 82 as a first step towards integration into nanoelectronic devices.
Although a covalent route provides a better control of the POMs/electrode interface, it is highly demanding in terms of synthetic efforts since it requires prior POM functionalization to obtain 
Preparation of the seeding 8-amino-1-octanethiol SAM.
The 8-amino-1-octanethiol (AOT) was chosen with an alkyl chain long enough to ensure a good organization of the SAM on gold but not too long to limit the decrease of the tunneling current through the layer. [88] [89] [90] [91] The Au substrates were incubated in a 10 -4 M solution of AOT hydrochloride in absolute ethanol for 24 h in the dark. Subsequent rinsing steps were found to be crucial to eliminate aggregates and to provide uniformly covered substrates for subsequent POM deposition. According to AFM monitoring (figure 1), our best conditions consisted in a five-step procedure: immersion in ethanol for 5 minutes, followed by ultra-sonication in ethanol for 5 minutes; immersion in 0.01 M Phosphate Buffer Saline (PBS pH = 7.4) for 3h, followed by ultra-sonication in distilled water for 5 minutes. The substrates were finally washed with ethanol and dried under nitrogen. The numerous ca.
2 nm sized aggregates observed on the AFM image (see Experimental Section) before PBS treatment (figure 1-a) disappeared after the 3h immersion in PBS ( figure 1-b The AOT SAMs were also characterized by PM-RAIRS (see Experimental Section). The spectra (figure 2) displayed the characteristic bands corresponding to the vibrations of the alkyl chains (around 2920 and 2850 cm -1 for the asymmetric and symmetric ν C-H stretching modes and a broad band around 1400 cm -1 for the δ C-H cissor vibration) together with the bands assigned to the δ N-H deformations at about 1650 and 1550 cm -1 for the unprotonated and protonated amino groups, respectively (see Figure 2) . 
POM immobilization.
The AOT functionalized Au substrates were then incubated in solutions of K 28 Besides the peaks attributed above to AOT SAM, the PM-RAIRS spectra now displayed the fingerprint of the POM at 1131 cm -1 , assigned to the νP-O vibrations (Figure 2 ). 92 The vibration at 932 
Electrical characterizations.
Electronic transport properties through molecular junctions are impacted by numerous parameters such as contact geometry, molecule orientation, molecular organization, and number of molecules in large junction, for example. Conductance histograms thus become essential to describe electron transport properties in single molecule junctions 94 as well as larger molecular junctions. 95 One way to obtain statistics is to repeat measurements on various single molecule junctions or on various points on the same larger molecular junction. In an alternative way, some of us have recently reported on the use of an array of sub-10 nm Au nanodots to record the conductance of up to a million of alkyl-thiol junctions in a single C-AFM image. [86] [87] Analysis of the collected data is used to determine the electronic structure of the molecular junctions.
POMs on Au-TS electrodes.
Electronic transport properties of the [H 7 P 8 W 48 O 184 ] 33-electrostatically deposited onto the AOT SAMs were investigated at the nanoscale by C-AFM. The SAMs grafted on TS Au substrate were measured under a nitrogen flow using a platinum tip and at a loading force of 6 nN (see Experimental Section).
This conducting tip was placed at a stationary point contact to form TS Au-S-C8- POMs on Gold Nanodots (nanodot molecule junction : NMJ). figure 5 -b, as observed in previous works on NMJs. 87 However, this feature was not systematically observed for the present samples (see other histograms in the supporting information, figure S3 ). We have mainly observed a tail at low current in the histograms deviating from the log-normal distribution, a feature previously attributed to intermolecular interactions between adjacent molecules in the NMJs. [96] [97] This confirms a close packing of the [H 7 P 8 W 48 O 184 ] 33-molecules in the NMJs. We note that, albeit using the same loading force (6 nN), the currents are higher in the NMJs compared to the SAM on TS Au substrates. This has been rationalized in a previous study combining mechanical and electrical characterizations of the molecule/nanodot structure: it was found that the applied pressure is increased in the NMJs due to the smaller contact area (compared to C-AFM on SAM on large metal surface), leading to higher currents. 98 By successive acquisition of the current images at various voltages, a reconstructed I-V curve is obtained for the molecular junction figure S4 (supporting information). Figure 6 gives the histograms of the energy levels determined by the three methods for the POMs junctions on TS Au substrates. These values are now discussed in term of energetics of the molecular junctions. The first observation is that the ε values given by the TVS method or by fitting the molecular level are in good agreement as expected since the relation ε = 0.86eV T is also based on the single molecular energy model (see SI). 103, 108 The measured molecular junctions are constituted of 2 parts: the alkyl spacer and the POM (Scheme 1). The alkyl spacer is electrically insulating with a high HOMO-LUMO gap (7-9 eV), [109] [110] while the POM has a smaller gap (4.7 eV from optical absorption). We can consider a staircase . We can consider that the measured ε and ε 0 (Table I) are reasonable estimate of ε POM . In the WKB (Wentzel-Kramers-Brilloin) approximation, the effective tunnel barrier Φ T for such a staircase tunnel barrier ( Figure 7 ) is given by:
where d C8 and d POM are the thicknesses of the C8 alkyl chain and POM, respectively, d C8 =0.7 nm and d POM =0.6 nm (as measured by ellipsometry on the TS Au substrates). Since the values for ε POM (i.e. ε or ε 0 ) and Φ T are quite similar (Table I) , we conclude that the LUMO of the alkyl spacer, ε C8 , and the POM, ε POM , are roughly similar (alkyl spacer and POM LUMOs energetically aligned). This feature is consistent with the value ε C8 of ca. 1 eV previously determined for the LUMO of C8 (pure alkyl chain, no amine) SAM on Au by TVS 104 and IPES. 113 We hypothesis that the dipole at the AOT/POM interface (positive charge at the AOT amine end-group, negative charge on the POM side) can induced this alignment by shifting downstairs (upstairs, respectively) the energetics of C8 and POM, respectively.
The second observation is that the values for NMJs are smaller than for SAMs on TS Au. Again this is consistent with the higher currents measured on NMJs and with previous report on the mechanical behaviors on NMJs (higher pressure at the same loading force induces a reduction of ε). 98 We previously reported a reduction by a factor about 2 of the TVS value (ε) for a C8 monolayer on NMJs 98 compared to a C8 SAM on golf surface, 104 both measured by C-AFM at the same loading force. The fact that, for NMJs, we still have Φ T ≈ ε 0 means that the same conclusion (energy level alignment of the alkyl spacer and POM LUMOs) holds for NMJs.
Figure 7. (a) Scheme of the staircase energetic diagram of the Au-AOT//POM//C-AFM tip junction. (b-c) Effective tunnel barrier Φ T determined with the Simmons model at 0 V (b) and at a voltage V (c).

(d-e) Determination of the energy position of the POM LUMO,ε POM , by the TVS method and molecular model at 0 V (d) and at a voltage V (e).
Conclusion.
In this contribution, we have described a reliable procedure for the electrostatic immobilization of POMs onto positively charged SAMs of amino-alkylthiols onto Au. Uniformly structured monolayers of POMs have been directly obtained onto TS Au, while a rinsing methodology at the SAM formation step had to be optimized in the case of usual Au/glass or Au/Si substrates of higher roughness.
Controlling the morphology/organization of the POM layers is essential to ensure reproducible properties. This procedure is easy to extend to other POMs, especially those with high electron-storage abilities. We have thus recorded the first electrical data on molecular junctions involving the large 92 and its purity checked by 31 P NMR and electrochemistry (figures S8-S10).
The Au/Si substrates, purchased from Sigma-Aldrich, consisted of a 100 nm gold layer adhered to the silicon wafer by means of a titanium adhesion layer. The substrates were treated 2 min in pure sulfuric acid and rinsed abundantly with water and isopropanol and dried under N 2 . Before immersion in the thiol solution, the substrates were exposed to UV-ozone during 20 minutes and rinsed with ethanol.
Au/glass substrates, coated successively with a 50 Å thick layer of chromium and a 200 nm thick layer of gold, were purchased from Arrandee (Werther, Germany). To ensure a good crystallinity of the gold top layer, the substrates were annealed in a butane flame, afterwards exposed to UV-ozone during 20 minutes and rinsed with ethanol prior to immersion in the thiol solution.
Template-stripped Au substrates. Very flat TS Au surfaces were prepared according to the method reported by the Whiteside group. 85 In brief, a 300−500 nm thick Au film is evaporated on a very flat silicon wafer covered by its native SiO 2 (RMS roughness of 0.4 nm), which was previously carefully nanodots were covered with a thin layer of SiO 2 that was removed by HF at 1% for 1 mn prior to SAM deposition. Spacing between Au nanodots was set to 100 nm (see images in the supporting information, figure S2 ).
Characterization techniques.
Ellipsometry Ellipsometry measurements were performed on the Au/Si substrates with a monowavelength ellipsometer SENTECH SE 400 equipped with a He-Ne laser at λ = 632.8 nm. The incident angle was 70°. As the optical indices of the bare gold substrate change from one sample to another, the ns and ks values of the sample with bare Au were systematically measured just before immersion in thiol solution. The ns and ks values were around 0.2 and 3.5 respectively. For the 8-amino-1-octanethiol SAM, typical optical indices of an organic monolayer were used (n s = 1.5, k s = 0).
Finally, n s = 1.48 and k s = 0 were used for the layer of POMs. 79 At least 6 measurements were performed on a same sample in different zones, to check the homogeneity of the layer. A mean value for the thickness was calculated when the standard deviation was equal or lower than 0.2 nm.
X-ray photoelectron spectroscopy XPS analyses were performed on using an Omicron Argus X-ray photoelectron spectrometer. The monochromated AlK α radiation source (hν = 1486.6 eV) had a 300 W electron beam power. The emission of photoelectrons from the sample was analyzed at a takeoff angle of 90° under ultra-high vacuum conditions (≤ 10 -10 Torr). Spectra were carried out with a 100 eV pass energy for the survey scan and 20 eV pass energy for the P2p, W4f, C1s, O1s, N1s, S2p regions.
Binding energies were calibrated against the Au4f 7/2 binding energy at 84.0 eV and element peak intensities were corrected by Scofield factors. 114 The peak areas were determined after subtraction of a linear background. The spectra were fitted using Casa XPS v.2.3.15 software (Casa Software Ltd., U.K.) and applying a Gaussian/Lorentzian ratio G/L equal to 70/30.
Polarized modulated reflexion absorption infrared spectroscopy (PM-RAIRS)
PM-RAIRS measurements were performed on Au/Si or Au/glass substrates using a Nicolet Nexus 5700 FT-IR spectrometer equipped with a nitrogen-cooled HgCdTe wide band detector. Infrared spectra were recorded at 8 cm -1 resolution, by co-addition of 128 scans. A ZnSe grid polarizer and a ZnSe photoelastic modulator were placed prior to the sample in order to modulate the incident beam between p and s polarizations (HINDS Instruments, PM90, modulation frequency = 36 kHz). The sum and difference interferograms were processed and underwent Fourier-transformation to yield the PM-RAIRS signal which is the differential reflectivity (ΔR/R°) = (Rp-Rs)/(Rp+Rs), where Rp is the signal parallel to the incident plane while Rs is the perpendicular contribution. The measurements were done at two different voltages applied to the modulator ZnSe crystal to optimize the sensitivity.
Atomic force microscopy.
AFM images were recorded on Au/glass substrates using a commercial AFM (NanoScope VIII MultiMode AFM, Bruker Nano Inc., Nano Surfaces Division, Santa Barbara, CA) equipped with a 150 × 150 × 5 µm scanner (J-scanner). The substrates were fixed on a steel sample puck using a small piece of adhesive tape. Images were recorded in peak force tapping mode in air at room temperature (22−24 °C) using oxide-sharpened microfabricated Si 3 N 4 cantilevers (Bruker Nano Inc., Nano Surfaces Division, Santa Barbara, CA). The spring constants of the cantilevers were measured using the thermal noise method, yielding values ranging from 0. 4 to 0.5 N/m. The curvature radius of silicon nitride tips was about 10 nm (manufacturer specifications). The raw data were processed using the imaging processing software NanoScope Analysis, mainly to correct the background slope between the tip and the surfaces.
C-AFM measurements. Conducting atomic force microscopy (C-AFM) was performed under a flux of N 2 gas (ICON, Bruker), using a solid metal probe in platinum (tip radius of curvature less than 20 nm, force constant 0.3 N/m, reference: RMN-12Pt400B from Bruker). The tip loading force on the surface was fixed at 6 nN thanks to force−distance curves with the controlling software of the ICON. The choice of the loading force of 6 nN is a tradeoff between too low or unstable currents and too high deformation or damage of the organic monolayer. 115 Previous works both on SAMs on large electrodes 116 and NMJs We also questioned the stability of such electrostatically assembled POM layer in solution. The modified gold substrate (Au/glass) was placed in a 1 M solution of (NBu 4 ) 4 NPF 6 in acetonitrile and sonicated for a few hours, then rinsed with acetonitrile. Despite these quite harsh conditions, ellipsometry did not reveal any significant modification of the thickness, which led us to conclude that POMs were not significantly released from the substrate. This is tentatively ascribed to the high total charge of the POMs. 
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POM incubation
The samples were prepared by incubation of the AOT functionalized gold substrate in a 1 mM POM solution for one hour. We have varied the incubation time from 20 mn to 1h and 24h without observing any significant modification of the layer thickness as follows by ellipsometry. Regarding the POM solution concentration, we have started with 1mM which is the concentration often used. As the 0.8 nm increase of the thickness was slightly lower than expected (POM thickness of about 1.0 nm) we did not try to lower the POM solution concentration but rather we tried to increase it. Unfortunately, we were limited by the low solubility of the POM and longer immersion times (until 24 h) led to exactly the same layer features and significantly more concentrated solutions were not possible to obtain because of the low solubility of the K28Li5[H7P8W48O184] in water, even at higher LiCl concentrations.
3. Nanodots Figure S2 shows the scanning electron microscope images of the nanodot array after the fabrication. We clearly observed a large and regular array of 10 nm in diameter nanodots separated by 100 nm. The fact that only a fraction (around 3 %) of the junctions are electrically active (bright spots in figure 5 -a in the main text) may have several origins: nanodots removed during the chemical treatments or removed during the C-AFM measurements (if not well embedded in the Si substrate). We can discard the removal during the C-AFM measurements since we have not observed a significant variation of the number of active NMJs during successive scanning of the samples to measure the current at several voltages as shown in the current histograms (see below figure  S3 ). It is likely that the nanodots were not well embedded onto the substrate for the present case and were removed during the grafting process in solution. Figure S2 . Scanning electron microscope images of the nanodots arrays at two magnifications.
3. Current histograms at different voltages measured on NMJs. Figure S3 . Histograms of the currents measured on NMJs at several voltages (as indicated in the x-axis legend). The black lines are fit with a log-normal distribution.
Mean values and standard deviations are given in the table S1. Table S1 . Mean values and standard deviations of the log-normal distributions fitted on the histograms of the measured currents shown in Fig. S2 .
I-V curves adjustment with the Simmons model.
The expression of the tunnel current through a potential barrier is given by Simmons:
with e the electron charge, h the Planck's constant, d the thickness of the tunneling barrier, ΦT the energy barrier height, V the voltage applied across the junction, m the effective mass of the electron, I the current and S the electrical contact surface area (smaller than the geometrical contact area, due to defects in the SAM and on the substrate, e.g. roughness, grain boundaries,…).
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The electron effective mass m is m = mr m0 with m0 the mass of the electron and mr the reduced mass.
Adjustments of the measured I-V curves are systematically done for the positive and negative bias. The parameter d corresponding to the total thickness of the monolayer determined by ellipsometry (1.3 nm, see main text) is fixed and the three other parameters (ΦT, mr and S) are the fitting parameters. Figure S4 gives 3 examples of the fits for SAMs on TS Au surfaces. The histograms for ΦT , mr and S are given in Figs. 6 (main text), S5 and S6, respectively. The average S value corresponds to a C-AFM tip electrical contact with a diameter of about 0.45 nm. Albeit the real value of the C-AFM tip contact area is difficult to estimate (it depends on the loading force, Young modulus of the SAM) 4 this value seems reasonable considering that the tip has a radius of 20 nm and the low loading force (6nN).
Transition voltage spectroscopy (TVS).
The I−V curves are analyzed by the TVS method. [5] [6] [7] In brief, the I− V data are plotted as Ln(I/V 2 ) vs. 1/V. A minimum in this curve corresponds to a transition from a direct tunneling electron transport through the molecules to a resonant tunneling via a frontier molecular orbital (LUMO or HOMO). The energy position ε of the orbital involved in the transport mechanism with respect to the Fermi energy of the metal electrode is given by :
with e the electron charge, VT+ and VT− the voltage of the minima of the TVS plot at positive and negative voltages, respectively. when the I-V curves are symmetric with respect of the applied voltages (our case here) and VT+=VT-. Figure S4 shows 3 examples of TVS plots (on the same IV curves fitted with the Simmons equation). The corresponding histograms of ε are given in Fig. 6 (main text).
Molecular single energy level model.
A simple analytical model to describe electron transport through a molecular junction is the single energy level model. [9] [10] [11] [12] [13] This model is based on the following assumptions: (i) the transport is phase coherent (tunneling mechanism),
(ii) the current is dominated by a single energy level, ε0, of the molecule (HOMO or LUMO) in the voltage range considered to fit the experimental I-V curves, and (iii) the voltage drops exclusively over the contacts which are described by the coupling constants g1 and g2 .
with h the Planck's constant and N the number of molecules in the junctions. The fitting parameters are ε, g1 and g2. Since the exact number of molecules in the junction is not known (albeit weak, e.g. <25 in the NMJs, see main text) we fixed N=1, but we have observed that the exact value of N does not have a drastic influence on ε, only on the coupling parameters g1 et g2. Albeit the obtained values seem reasonable (in the range 0.1 -few tens of meV), it is known that these fitting parameters are also very sensitive to the I-V curve "quality" (e.g. noise, sudden jumps in the IV,…)
, 13 while the value of ε is not, consequently we have not discussed these values in more detail. 
